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ABSTRACT 
The Rio Grande, a semi-arid river in the American Southwest, is a major source of 
surface water for agriculture and drinking supplies in New Mexico and Texas. In addition to 
increasing salinity, considerable increases of NO3- [nitrate] have been observed in the semi-arid 
portion of the Rio Grande. It is possible that elevated water salinity inhibits denitrification on 
irrigated fields and, thus, fails to mediate excess nutrient load from anthropogenic activities. 
Therefore, two major goals of this project were to 1) characterize and quantify major NO3- 
sources, and 2) assess whether elevated water salinity affects microbial denitrification. In fall 
2014 and summer 2015, surface water, irrigation drains, urban runoff, and municipal waste 
effluents were sampled between Elephant Butte, New Mexico and Tornillo, Texas for stable 
isotope analysis. Highest NO3- concentrations were observed in waste effluents and nearby 
agricultural drains irrigated with reclaimed water. Conversely, NO3- concentrations in river and 
agricultural drains were significantly lower in areas farther away from urban centers. Two major 
NO3- sources were identified using chemical and isotope tracers: fertilizers, with low δ15N [delta 
fifteen nitrogen] and high δ18O [delta eighteen oxygen] (average 0.6 and 18.3‰ [permille], 
respectively), and waste water effluents from cities, with high δ15N and low δ18O (average 10.5 
and -5.1‰, respectively). According to nitrogen and oxygen isotope mass balance constraints, 
waste effluent-derived NO3- contribution was the smallest in upstream locations and accounted 
for up to 24-47% near Las Cruces compared to fertilizer-derived NO3-. Further downstream, 
effluent contributions increased and accounted for up to 41-77% between Las Cruces and El 
Paso. The highest fertilizer-derived NO3- contributions of 90-100% were measured in the 
agricultural district located below El Paso where reclaimed city water is commonly used for 
irrigation. Elevated salinity did not appear to control microbial denitrification. In fact, the 
strongest isotopic evidence of microbial denitrification was observed in water samples showing 
elevated salinity. Results suggest urban centers are important NO3- contributors into aquatic 
system of the watershed and microbial processes do not appear to significantly reduce NO3- loads 
from anthropogenic sources. 
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1. INTRODUCTION  
 
1.1 Problem Statement 
The Rio Grande is an important source of water for agriculture and urban centers in the 
semi-arid American Southwest (Fig. A1; Ellis et al., 1993). Several factors such as increasing 
population, overuse of water resources, and climate change affect water quality in the Rio 
Grande by increasing its salinity and nitrate (NO3−) concentrations (Oelsner et al., 2007; Hogan 
et al. 2007; Szynkiewicz et al., 2015). This is a concern as it threatens water quality and its 
availability for agricultural and municipal users (Phillips et al., 2003). In southern New Mexico 
and west Texas, the main sources of NO3− to the semi-arid Rio Grande are likely agricultural 
fertilizers and wastewater effluents from large cities in Las Cruces and El Paso (Oelsner et al., 
2007). Minor amounts of NO3− might be also delivered through atmospheric deposition (Elliott 
et al., 2007). It is expected that contributions of NO3− from various sources vary spatially and are 
controlled by multiple environmental (e.g., dry climate) and anthropogenic (e.g., urbanization, 
agriculture) factors. Despite this general understanding, there are no detailed quantitative studies 
characterizing major NO3− sources into the Rio Grande. 
In hydrological settings, NO3− fluxes from human activities might be naturally attenuated 
via microbial denitrification in anoxic environments (Carlson and Ingraham, 1983). However, 
little is known about how this process can be inhibited by elevated salinity, which has been 
shown to decrease activity rates of microbial denitrification in marine sediments (e.g., Seo et al., 
2008). In the semi-arid portion of the Rio Grande watershed, lower NO3− concentrations (<1-2 
mg/L) have been previously observed in agricultural drains with less saline water (EC <1-2 
mS/cm) compared to higher concentrations (3-12 mg/L) in drains with higher salinity (EC 2-4 
mS/cm) (Szynkiewicz et al. 2015). Nevertheless, in this area higher NO3− concentrations might 
be also a result of increasing nutrient loading from waste effluents in growing urban centers. For 
example, the highest population density is mainly observed downstream in southern New 
Mexico and western Texas, which is followed by significant increases of NO3− concentrations in 
the Rio Grande (up to 50 mg/L; Szynkiewicz et al., 2015). Therefore, more quantitative studies 
are needed to determine anthropogenic NO3− contributions and to assess the role of microbial 
processes in NO3- attenuation. 
 
1.2 Goals and Hypotheses 
Previous studies in the Rio Grande watershed mainly relied on measurements of NO3− 
concentrations (Oelsner et al., 2007; Szynkiewicz et al., 2015). Generally, N and O isotope 
compositions of NO3− (δ15N and δ18O, respectively) are good environmental tracers for 
characterizing point (urban) and non-point (agricultural) NO3− pollution and measuring NO3− 
bioattenuation via microbial denitrification in shallow aqueous environments (Groffman, 2012). 
Consequently, the main goal of this study was to i) characterize major NO3− sources, and ii) 
assess the role of water salinity on microbial denitrification by using multiple chemical and 
isotope tracers (e.g., major water chemistry, and the isotope compositions of water, dissolved 
NO3− and SO42-).  
If surface water in the Rio Grande watershed has been significantly impacted by 
point/non-point sources of anthropogenic pollution and microbial denitrification, the following 
relationships should be observable:  
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1) The highest contributions of NO3- from waste water effluents should be more apparent in 
close proximity to large cities and in agricultural areas using reclaimed water (e.g., city 
waste effluent) for irrigation; 
2) Contributions of NO3- from urban sources (waste water effluents) should have different N 
and O isotope composition compared to agricultural sources because it has been well 
documented that they significantly differ in isotope compositions; 
3) Surface water affected by microbial denitrification should be enriched in heavier N and O 
isotopes of nitrate because of a preferential uptake of light isotopes by microbes. 
To investigate these hypotheses, major waste water effluents, fertilizers, precipitation (urban 
runoff), the Rio Grande and its associated drain network were sampled in the non-irrigation and 
irrigation seasons of 2014 and 2015, respectively. Sampling took place after a multi-year 
drought, which significantly reduced stream flows in the Rio Grande and led to increases of 
groundwater pumping and municipal discharges. This, in turn, was used for better assessment of 
major factors controlling NO3− fluxes under dry conditions. For a conceptual model summarizing 
the environmental context of this study, as well as the potential sources of municipal and 
anthropogenic NO3-, see Figure A2. 
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2. BACKGROUND 
 
2.1 NO3− as an anthropogenic contaminant in hydrological systems  
Nitrate (NO3−) contamination in water systems is an environmental problem linked to 
intensive land use and waste water discharge from urban areas. The presence and persistence of 
high levels of NO3− and NO2- in surface water and groundwater are a serious environmental 
problem as it promotes eutrophication (e.g., algae blooms), and consequently hypoxia which 
leads to releases of toxic compounds due to algae decomposition (Grimm et al., 2008). 
Additionally, NO3− contamination of drinking water has public health implications as high 
concentrations of NO3− have been linked to several diseases such as formation of carcinogens, 
gastric cancer, and methaemoglobinaemia, also known as the 'blue baby' syndrome (Forman et 
al., 1985). In order to prevent health issues derived from NO3− contamination, local governments 
and the World Health Organization have set a limit of 10 mg/L of NO3− in water meant for 
public consumption.  
NO3− pollution is a growing problem in many watersheds, as agriculture and expanding 
urban centers significantly increase NO3− loads to streams and rivers disturbing the natural 
nitrogen cycle (Aravena and Robertson, 1998). Common agricultural sources of NO3− are 
fertilizers applied to crop fields and manure from cattle farms (Oelsner et al., 2007). In urban 
areas, common sources of NO3−are sewage effluents from wastewater treatment plants (WWTP), 
lawn fertilizers and electric power plant emissions (USGS, 1999).  
Denitrification, a microbial process of NO3− and NO2− reduction to gaseous forms of 
nitrogen (NO, N2O and N2), is important in global nitrogen (N) cycle and is considered to be 
major NO3− sink in groundwater systems (Trudell et al., 1986; Smith et al. 1991). Denitrification 
is a type of microbial respiration by a diverse group of microorganisms, including bacteria, 
archaea, and fungi (Zumft, 1997). This process occurs in places where oxygen is scarce (e.g., 
anoxic freshwater systems) and in manmade systems such as artificial freshwater reservoirs and 
retention ponds (McClain et al., 2003; Davidson and Seitzinger, 2006). Successful efforts to 
remove high NO3− concentrations from impaired freshwater systems involve water treatment 
with bioreactors that use denitrifying bacteria to reduce NO3− to N2 gas (Klapwijk et al., 1981). 
Nonetheless, there is a limited number of studies that quantify denitrification rates for many 
ecosystems. 
Previous studies in central New Mexico showed that the WWTPs in main urban centers 
(e.g., Albuquerque) are potentially the largest sources of NO3− to the Rio Grande (Oelsner et al., 
2007). In contrast, the agricultural districts appear to be nitrogen sinks (Oelsner et al., 2007). 
Nevertheless, in southern New Mexico and western Texas, the NO3− concentrations are relatively 
high in both the Rio Grande and agricultural drains (Szynkiewicz et al., 2015) suggesting 
significant regional differences in nitrate loads into hydrological system. 
Global NO3− mass balance constraints suggest that the biggest sink for man-made 
nitrogen could be either denitrification under anoxic conditions and/or formation of N2 created 
by anaerobic ammonium oxidation of nitrite and ammonia (Davidson and Seitzinger, 2006; 
Stadler, 2008; Almasri et al, 2007; Bettez and Groffman, 2012). It has been also shown that 
elevated salinity decreases denitrification rates in some marine settings (Seo et al., 2008). 
However, little is known about how an arid climate may affect denitrification rates in continental 
settings (Grimm, 2008; Gallo, 2013). 
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2.2 Nitrogen and oxygen isotope compositions of NO3− 
Quantification of major N contributions from dispersed anthropogenic sources such as 
fertilizers has relied primarily on mass-balance estimates using measured concentrations of 
various N compounds present in surface water (Almasri et al. 2007; Bettez and Groffman, 2013; 
DeSimone, 1998). This approach, however, does not allow for precise distinction of different 
NO3− endmembers along various water flow paths in hydrological systems.  
Generally, the isotopic composition of NO3− is a better tracer for characterization of 
various sources of NO3– in hydrological system. In nature, N consists of two stable isotopes 14N 
and 15N which comprise 99.6337% and 0.3663%, respectively (Junk and Svec, 1958). Oxygen 
consists of three stable isotopes: 16O, 17O and 18O, with 16O being the most abundant (99.762%), 
17O the least abundant (0.037%) and 18O making up for 0.204% (Cook, 1968). The isotopic 
composition of NO3− is expressed as δ15N and δ18O values, which represent the ratios of 15N/14N 
and 18O/16O, respectively, in the sample compared to same ratios of the standard multiplied by 
1000 to present isotope values in ‰ (permille) unit.   
Several studies have shown that δ15N of NO3– in well drained soils and oxygenated 
groundwater can be used to pinpoint major sources of NO3− (Kreitler, 1975; Gormly and 
Spalding, 1979; Heaton, 1986). However, this tracer has its limitation in groundwater and soils 
with active biological processes such as nitrification, denitrification or nitrogen uptake, as they 
cause significant N isotopic fractionations (Groffman et al., 2006). Further, δ15N cannot be used 
to differentiate between soil- and fertilizer-derived NO3− since they usually have similar N 
isotope compositions (Iqbal et al., 1997). However, new advances in stable isotope methods have 
allowed for better distinction between manmade NO3− (Fenech, 2012; Groffman, 2012; Mayer, 
2004; Muller, 2013) and denitrification in hydrological systems using both δ15N and δ18O of 
NO3− (Heaton, 1986; Aravena et al. 1993; Panno et al., 2001; Chen et al., 2009). This dual 
isotope approach allows for better distinction of NO3− fluxes from sewage (waste effluents), 
agricultural runoff and microbial denitrification (Boyer; 2002; Casciotti, 2002; Wakida, 2005; 
Kendall, 2007; Kaushal, 2011). For example, waste effluents show higher δ15N of 23 ‰ and 
lower δ18O of 10 ‰ compared to isotope composition of fertilizers, -3 to 10‰ and 15 to 23‰, 
respectively. Moreover, atmospheric NO3− deposition is characterized by more positive δ15N and 
δ18O values (0 to 10‰ and 15 to 70‰, respectively) (Kendall et al., 2007). In contrast, 
denitrification significantly increases both δ15N and δ18O of NO3− with a fractionation slope of 
2:1 (Amberger and Schmidt, 1987; Kendall et al., 2007).   
Recent watershed studies have successfully identified NO3− sources in gaining streams 
and large estuaries such as the Chesapeake Bay (Groffman et al., 2012) and agricultural sections 
of the Mississippi River (Panno et al., 2006) using isotope composition of NO3−. However, little 
is known about ephemeral streams in arid and semi-arid regions (Levick, 2008; Gallo, 2013). 
Additionally, there is limited information about decreases in denitrification rates due to salinity 
increases (Hale et al., 2014; Mayer, 2004; Zaady, 2013). For example, a previous isotope study 
in Phoenix, Arizona only focused on characterizing storm water during runoff events (Gallo et 
al., 2014). In this area, retention of inorganic N appeared to be controlled by the hydrologic 
conditions rather than biogeochemical processes, because runoff in urban watersheds tends to be 
highly “flashy,” quickly releasing significant amounts of N stored on the surface (Hale et al., 
2014). 
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2.3 Salinity and water challenges in the semi-arid Rio Grande 
In the study area of the semi-arid Rio Grande (Fig. A1), surface water and groundwater 
are critical resources for economic growth (Ellis et al. 1993) but they are limited to municipal, 
industrial and agricultural users because of the dry climate (Z. Sheng, 2013). The Rio Grande 
watershed is a desert shrubland and rangeland with an arid to semi-arid climate. Precipitation 
averages ~250 mm per year. Temperatures range in average from 7°C during the winter to 28°C 
in the summer (Oelsner et al., 2007). The Rio Grande is mainly fed by spring snowmelt from the 
San Juan Mountains in southern Colorado and high mountain ranges in northern New Mexico 
(e.g., Sangre de Cristo, Jemez Mountains) (Phillips et al., 2003). Summer monsoon rainfall 
contributes less recharge to the Rio Grande but it is an important source of precipitation in the 
semi-arid locations of southern New Mexico and western Texas. Additionally, municipal 
wastewater treatment plants (WWTPs) make significant water contributions to the Rio Grande, 
constituting a greater percentage of stream flows during dry seasons (e.g., non-irrigation 
periods). It has been suggested that the WWTP effluents account for 20% and 38% of the river 
discharge in wet and dry years, respectively (Passell et al., 2004). Other significant water 
contributions come from irrigation drains that are present along the Rio Grande and make up 
~66% and ~33% of the river flows in dry and wet years, respectively (Oelsner et al., 2007). Over 
85% of water withdrawals from the Rio Grande are used for irrigating cotton, alfalfa, pecans and 
pasture for livestock production. From its headwaters in southern Colorado to Fort Quitman, 
Texas, over 120,000 hectares of farmland depend on the Rio Grande water for irrigation in the 
Southwest U.S. (B of Reclamation, 2007). However, during droughts, aquifer groundwater is 
commonly used to substitute for the Rio Grande water (TWRI, 2012). 
The semi-arid climate affects the quality of surface water in the area, mainly by increasing its 
salinity (Borrok and Engle, 2014; Szynkiewicz et al. 2015). This, in turn, decreases crop 
productivity in the Rio Grande irrigation districts (Simpson et al., 2014). It has been proposed 
that major sources of salinity in the Rio Grande include natural inflows of deep brines to the 
surface (e.g., Hogan et al. 2007; Williams et al., 2013) and anthropogenically-induced factors 
such as high evapotranspiration rates during flood irrigation (Phillips et al., 2003; Szynkiewicz et 
al., 2015) and fertilizer use (Szynkiewicz et al., 2011). It is predicted that the Rio Grande 
watershed will experience a drier climate in the future because of global climate warming. 
Consequently, this will increase land desertification and water salinity due to less snowpack 
accumulation in the high mountain recharge areas and higher evapotranspiration rates due to 
rising surface temperatures (Phillips et al., 2003). Additionally, it is expected that the surface 
waters of the Rio Grande watershed will experience a shift toward being more Na-Cl-SO4-rich 
(Borrok and Engle, 2014; Szynkiewicz et al., 2015) because of climate change. This is mainly 
due to evolution of water chemistry controlled by secondary calcite formation (removal of Ca 
and HCO3-/CO2) as water evaporates on (near) the surface (Szynkiewicz et al., 2015).   
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3. METHODS 
 
3.1 Field methods 
 
3.1.1 Sampling Locations 
The surface water samples were collected along a ~250 km stretch of the Rio Grande 
from the Elephant Butte reservoir, New Mexico to Tornillo, Texas. In this area, three major 
urban centers are Las Cruces in New Mexico, El Paso in Texas, and Ciudad Juarez in Mexico 
with total population of ~3 million people. The collected samples included surface water from 
the river, major agricultural drains, rain precipitation (urban runoff), and wastewater treatment 
plant (WWTP) effluents (Figs. A1, A2). Site selection followed a strategy that allowed for 
characterization of major NO3− endmembers (e.g., city effluents, irrigation return flows) and 
calculation of NO3− contributions to the Rio Grande and agricultural drains. Consequently, water 
samples were taken upstream and downstream from the inflows of WWTP effluents in order to 
estimate total NO3− contributions from the WWTPs (Fig. A1). Additionally, several agricultural 
drains were sampled because of intense flood irrigation that takes place in the Rio Grande area 
(e.g., Szynkiewicz et al. 2015). 
In order to characterize seasonal processes affecting stream chemistry and isotope 
composition, the water samples were collected during one irrigation season in July 2015 and one 
non-irrigation season in October 2014. Individual sampling usually took place within a three-day 
period, which aided in avoiding episodic effects such as dilution by rain and changes in surface 
water releases from local dams. Because the rain events are rare and relatively short in the semi-
arid Rio Grande watershed, rainwater was sampled during two large rain events of the 2014 
monsoon season. The rain samples were collected from storm drains and house roofs in the city 
of El Paso.  
 
3.1.2 Field in situ measurements       
In situ measurements included pH, temperature (T), total dissolved solids (TDS), 
dissolved oxygen (DO), and oxygen-redox potential (ORP) using a YSI 556 Multiparameter 
System. The dissolved concentrations of NO2, NO3− and NH4+ were measured in situ using a 
Hach DR 900 Colorimeter and the concentration of dissolved bicarbonate (HCO3−) using a 
LaMotte field titration kit. Additionally, the locations of sampling points were recorded with a 
Garmin GPS unit for spatial analysis.  
 
3.1.3 Field water sampling 
For cation analysis, water was filtered through a 0.20 µm filter with a syringe into 125 
mL plastic bottles and acidified in situ with concentrated nitric acid to a pH of <2 in order to 
prevent precipitation/adsorption of metals. Water sampled for anion analysis was obtained in the 
same manner except no acidification was performed. The unacidified samples were also used for 
determination of H and O isotope composition of water. 
Water samples for analysis of N and O isotope composition of NO3− were filtered with a 
syringe through a 0.20 µm filter into 30 mL plastic bottles. Water samples for analysis of S and 
O isotope composition of SO42- dissolved in water followed the methods from Szynkiewicz et al. 
(2012). Approximately 250 mL of water were filtered in situ into a plastic bottle using a Nalgene 
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filtration device with a glass microfiber filter and a hand-operated vacuum pump. After returning 
to the laboratory, the dissolved SO4 was precipitated to barium sulfate (BaSO4).  
The bottles with the sampled water were kept cold on ice in a cooler for the duration of 
the sampling campaign and during the transport to the laboratory. Afterward, they were stored in 
a laboratory freezer at -20°C. 
 
3.2 Laboratory methods 
 
3.2.1 Major ion chemistry 
Chemical analysis of major cations (Li+, Na+, NH4+, K+, Mg2+, Ca2+) and anions (F-, Cl-, 
NO2, Br-, NO3−, SO42-, PO43-) were performed using a Dionex ICS 2000 (IC) in the Stable 
Isotope Laboratory and Aqueous Geochemistry and Microbiology Laboratory of the Department 
of Earth and Planetary Sciences (EPS) at University of Tennessee in Knoxville (UTK). For 
cation measurements, a CS16 column at 40ºC with a flow rate of 1mL/min of MSA was used. 
For anion measurements, an AS11 column at 30°C with a flow rate of 1.5 mL/min of 26mM 
KOH was used. The Rio Grande samples required 1:10 and 1:100 dilutions in order to lower the 
concentration of dissolved ions to meet instrument requirements. Nevertheless, for NO3− 
concentration the water samples were run undiluted to increase analytical precision. The Dionex 
IC standards were diluted at different ratios in order to generate a calibration curve from 0.5 to 
100 mg/L. For quality control, the DI water used for sample and standard dilutions and DI was 
analyzed using the same approach. Precision of these analyses was ±0.1mg/L. 
 
3.2.2 Analysis of NO3− isotopic composition      
The δ15N and δ18O of NO3− were analyzed using a bacterial denitrifier method (Casciotti 
et al. 2002, Sigman et al. 2001) in the Stable Isotope Laboratory of EPS-UTK. In summary, the 
N and O isotope compositions of NO3- were determined using the denitrifying bacteria 
Pseudomonas Aureofaciens. These bacteria lack the N2O reductase and convert all NO3− 
dissolved in water to N2O gas, which is consequently analyzed for δ15N and δ18O by an isotope 
ratio mass spectrometer. The following sections 3.2.2.1 and 3.2.2.2 describe in detail major 
analytical steps related to the determination of δ15N and δ18O in the surface water samples 
collected for this study.     
 
3.2.2.1 Bacterial Denitrifier 
A strain of Pseudomonas Aureofaciens (ATCC 13985) was cultivated in 400 mL of 
amended liquid medium. Firstly, 12g of tryptic soy broth was mixed with 10 mM of potassium 
nitrate and 1 mM of ammonium sulfate in a 500 mL glass bottle. Secondly, 400 mL of water was 
added and the bottle was swirled until amendments were dissolved. The glass bottle was 
autoclaved at 110ºC for one hour, then tightly capped and placed in a laminar flow hood for 
storage. The amendments were added to the medium in order to provide bacteria with enough 
nitrogen (N) for bacterial assimilation, to ensure that NO3− from the sample is not incorporated 
into bacterial biomass. The culture was first grown on an agar plate, containing the same 
concentrations of nutrients added to the liquid medium at room temperature, for 48 hours until a 
single colony could be selected to create a new generation. The process of growing a new 
generation of bacteria involved selecting a single colony from the agar plate, suspending it in a 
starter tube containing 5 mL of the liquid medium, and growing overnight at 26ºC. An 
inoculation loop was flame sterilized and used to spread bacteria on the agar plate. This process 
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was repeated three more times. Consequently, the fourth generation of bacteria (a stronger, 
healthier culture) in 5mL of broth was used to inoculate the 500 mL broth bottle. The bacteria 
were incubated for >6 days in the 400 mL broth to ensure total consumption of O2 in the 
headspace as well as the N amendments. The bottle was kept for 7-13 days in an orbital shaker to 
be finally used in preparing samples for N and O isotope analysis. In order to remove N2O 
produced from the 10 mM potassium nitrate and ensure anaerobic conditions, a day before 
sample preparation, the bottle’s headspace was purged over night with N2 gas at 10 mL/min. A 
26-gauge needle was introduced deep enough so that the gas bubbled the medium. A venting 
needle was then inserted and kept above liquid level. At the end of purging, the venting needle 
was first removed from the septum followed by the removal of N2 gas needle to prevent from 
over pressurizing the vial. It was later determined that this N2 flushing step was not necessary 
and only the He flushing, as described below, was used. 
 
3.2.2.2 Isotope measurements 
A day before analysis, samples were moved from a freezer (-20ºC) to a counter in order 
to thaw the water with dissolved NO3−. On the day the samples were analyzed for isotope 
composition, the culture was centrifuged in 50 mL tubes for 30 minutes at 4000 rpm in a Heraeus 
Megafuge 1.0; this process concentrated the bacteria at the bottom of the tube. The medium was 
decanted and the bacteria were resuspended in new broth with no amendments added and 
centrifuged two more times, decanting the solution to assure no amendments remained in the 
solution. For each analysis, 1 mL of the concentrated medium was transferred into an autoclaved 
Thermo Scientific Gas Bench vial and capped. The vials were purged with He, utilizing a custom 
made two-holed flushing needle, which was long enough to allow for He to bubble through the 
broth solution. The needle was wiped with ethanol and allowed to air dry before flushing in order 
to reduce contamination. Each 1mL vial of broth was purged initially for 5 minutes at a flowrate 
of 100mL/min followed by an additional 15 minutes of flushing. This minimized the time of 
exposure of each vial to the atmosphere in the headspace. When vials were left unflushed for 
long periods of time (>2 hour) the broth turned a darker yellow color and the isotopic results 
were not reliable. Vials were left overnight for any possible N2O growth into the headspace and a 
blank was analyzed the following day. An N2O peak larger than 10mV suggested the need for 
additional culture time or additional flushing.  
Bacteria were fed with 0.1-6.0 mL of the sample depending on initial NO3− 
concentrations in the sample. Complete consumption of the NO3− was desirable because of the 
isotopic fractionation carried out by the bacteria. The sample was digested over a period of half 
an hour with the vials upright and an additional 16 hours with the vials inverted to ensure 
complete conversion of NO3− in the sample to N2O gas. The vials were stored upside down to 
prevent any N2O from escaping through the septum (Sigman et al., 2001). As a result, N2O filled 
the headspace of the vial. In order to bring the sample to a pH of 12 and lyse the bacteria, ten 
drops of 10N sodium hydroxide were added to each vial. This, in turn, also immobilized the CO2 
gas in the sample. This was desirable since CO2 interferes with N2O isotopic analysis. The δ15N 
and δ18O values of N2O were then measured using a GasBench II coupled with a Thermo 
Finnigan Delta Plus XL isotope ratio mass spectrometer (IRMS). Two in-house KNO3 standards 
with a range of isotopic values were utilized to calibrate the method. Solutions of 50uM KNO3 
were made for each standard and measured in the same fashion as samples with 1mL of standard 
solution being used for each analysis. A set of two standards was run with every 12 samples. One 
standard deviation for δ18O and δ15N was 0.79‰ and 0.74‰, respectively. 
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3.2.3 Analysis of SO42- isotope composition  
After returning from the field, the water samples were transferred to glass beakers and 
acidified to a pH of 2 using 20% w/v HCL. Afterward, 10 mL of 10% w/v BaCl2 was used to 
precipitate a dissolved SO42- to BaSO4. The precipitate was left to settle overnight to the bottom 
of the beaker. Next day, the excess of water in the beaker was siphoned out in order to rinse the 
precipitate with DI water; this process was repeated three times. Subsequently, the precipitate 
was dried in an oven overnight and stored in a plastic vial.  
For δ34S analysis, 0.4 mg of BaSO4 was enclosed in a tin capsule with 1 to 2 mg of V2O5 
for complete combustion of the sample to SO2 prior to ionization in the mass spectrometer. The 
tin capsules with BaSO4 precipitate were combusted using a Costech elemental analyzer (EA) 
following the quartz-buffering method by Fry et al. (2002). An additional modification was made 
to replace the separation column by a 15 cm piece of capillary tubing (0.22 mm in diameter). 
Consequently, a standard deviation for δ34S results was 0.1‰ as a result of removal of the GC 
column from the EA.  
For δ18O analysis, 0.3 mg of BaSO4 was enclosed in silver capsules. The silver capsules 
were analyzed using a Conflow system coupled to a Thermo Scientific high-temperature 
conversion elemental analyzer (TC/EA). Both of these systems were interfaced with a Finnigan 
Delta Plus XL isotope ratio mass spectrometer located in the Stable Isotope Laboratory. One 
standard deviation for δ18O was 0.3‰.  
Isotope values were reported in ‰ with respect to a Vienna Cañon Diablo Troilite 
standard (VCDT) for δ34S and a VSMOW standard for δ18O. 
 
3.2.4 Analysis of isotope composition in water 
The δ2H and δ18O of water samples were measured using a Laser Water Isotope Analyzer 
from Los Gatos Research. For each sample, 1.5 mL of water was added to a glass vial with a 
septum cap on the day of analysis. An autosampler withdrew 0.8 µL of sample and was injected 
through a heated septum, and allowed to evaporate in the measuring cell of the isotope analyzer. 
A tunable laser was projected through the measuring cell and the time taken for the intensity of 
light to decay was measured. Based on the isotope composition of water vapor in the measuring 
cell, decay times differed. In-house standards were analyzed every three samples. These included 
the KNOW1 and SLDW1 standards previously calibrated to the VSMOW and SLAP scale. 
Standard deviations were 0.7 and 0.2 ‰ for δ2H and δ18O, respectively.   
 
3.2.5 Water chemistry characterization (piper diagrams) 
Piper diagrams were made in order to characterize general water chemistry of all water 
samples (Piper, 1954). The diagrams were made with a Geochemist’s Workbench 10. Samples 
were characterized based on the measured concentrations of Cl-, SO42-, HCO3-, CO32-, Na+, K+, 
Mg2+, and Ca2+. Different water types are described as per those in Back (1966). 
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4. RESULTS  
This chapter describes major results of data analysis considering changes of water 
chemistry and isotope compositions relative to the investigated season and distance from the 
Elephant Butte reservoir. All field in-situ measurements are presented in Table B1, water 
chemistry in Table B2 and B4, and isotope compositions in Table B3 and B5 of Appendix B. 
These tables summarize seasonal variations of all measured parameters relative to a distance 
from the Elephant Butte reservoir during the non-irrigation season of fall 2014 fall and irrigation 
season of summer 2015. Additionally, Tables B6 and B7 of Appendix B present the results of 
statistical analysis (e.g., correlation matrices) using Statistica 13.0 Software.  
 
4.1 Variations of pH, EC and ORP  
 
pH 
In the Rio Grande watershed, pH varied in a small range and did not show seasonal 
variations relative to a distance from Elephant Butte (Fig. C1, C2). The lowest pH of 6.7 to 7.4 
was observed in the waste water treatment plant (WWTP) effluents (6.8 to 7.48). In contrast, 
slightly higher pH was observed in the agricultural drains (7.7 to 8.5) and the Rio Grande water 
(7.78 to 8.4). Exceptionally, high pH was observed in the El Paso’s city drain at Ryan’s Crossing 
Apartments (10.6). 
 
Electric conductivity (EC) 
The highest electric conductivity (EC) of 4638 and 4229 µS/cm were observed in two 
drains at Montoya and Tornillo, respectively, during the non-irrigation season (Fig. C3, C4). 
Generally, agricultural drains showed a significant seasonal EC variation, with higher values 
during the non-irrigation season (median 2903 µS/cm, n=6) and lower values (median 950 
µS/cm, n=10) during the irrigation season. Conversely, the EC did not show seasonal variations 
in the WWTP effluents (1200 to 2079 µS/cm). The larger EC variation was observed in the Rio 
Grande water during the non-irrigation season (885 to 4099 µS/cm) compared to considerably 
smaller variation (705 to 1159 µS/cm) during the irrigation season. The highest EC of the Rio 
Grande water (4099 µS/cm) was observed below inflow of the Montoya drain, which showed the 
highest EC (4638 µS/cm) among the studied drains. 
 
Oxidation reduction potential (ORP) 
The highest oxidation reduction potential (ORP) of 448 to 360 mV was observed in the 
WWTP effluents during the irrigation season, except for Las Cruces with significantly lower 
ORP of -69.6 mV (Fig. C5, C6). Conversely, ORP showed significantly lower values of -58.9 to 
82.6 mV in the WWTP effluents during the non-irrigation season. In the Rio Grande water 
during the irrigation season, higher ORP values of 200 to 400 mV were observed in downstream 
locations in proximity to the WWTPs compared to lower ORP of -127 to 29 mV in upstream 
locations (above El Paso). In contrast, during the non-irrigation season the ORP of the Rio 
Grande water varied in a small range of 50.9 to 107.5 mV. In agricultural drains, a slightly 
higher ORP was observed during the irrigation (-270 to 239 mV) compared to lower ORP during 
the non-irrigation season (-274 to 30.1 mV)  
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4.2 Variations of water chemistry  
 
Nitrate (NO3-) 
The highest NO3- concentrations were observed in waste water effluents discharging from 
major WWTPs in Las Cruces and El Paso (Fig C7, C8). The NO3- concentrations varied in a 
wide range of 44 to 140 mg/L and did not show seasonal variations. Additionally, comparably 
high NO3- concentrations were measured in one agricultural drain near Fabens located 43 km 
downstream from the city of El Paso. In this drain, the NO3- concentrations were significantly 
higher during the non-irrigation (72 mg/L) compared to the irrigation season (8.7 mg/L). 
Nevertheless, the NO3- concentrations considerably decreased in the drain water further 
downstream in Tornillo (20 km), with the highest values of 12.5 mg/L observed during the non-
irrigation and lowest values of 3.3 mg/L during the irrigation season. Considerably lower NO3- 
concentrations (0.1 to 1 mg/L) were observed in drains between the Elephant Butte reservoir and 
El Paso for both seasons, and they increased downstream with higher concentrations during the 
irrigation (up to 8.7 mg/L) and lower concentrations during the non-irrigation season (up to 2.7 
mg/L). The NO3- concentrations of the Rio Grande increased downstream from 0.1 to 1 mg/L 
and were the highest (~1 to 2.7 mg/L) in proximity to the WWTP effluents in Las Cruces and El 
Paso. 
 
Nitrite (NO2-) 
The highest NO2- concentrations of 2.8 mg/L were observed during the non-irrigation 
season in an agricultural drain near Fabens, located 43 km downstream from the city of El Paso, 
and considerably decreased to 0.4 mg/L further downstream (~20 km) at Tornillo (Fig C9, C10). 
In other investigated drains located upstream (above El Paso), the NO2- concentrations varied in 
smaller range of 0.4 to 1.5 mg/L during the non-irrigation and 0.4 to 2.8 mg/L during the 
irrigation season. In the Rio Grande, the NO2- concentrations were significantly higher during the 
non-irrigation (1 to 1.6 mg/L) compared to lower concentrations during the irrigation season (0.9 
to 1.6 mg/L). The NO2- concentrations in the WWTP effluents did now show seasonal variations 
and varied in a small range, from 0.4 to 1 mg/L.  
 
Ammonia (NH4+) 
The highest NH4+ concentrations (0.8 to 1.8 mg/L) were observed in two agricultural 
drains (Westside and Montoya) near the City of El Paso during the irrigation season (Fig. C11, 
C12). This was followed by similarly high NH4+ concentrations (1.5 mg/L) in the Rio Grande 
during the non-irrigation season in the same area. In other samples, the NH4+ concentrations 
varied in a narrow range of <0.05 to 0.75 mg/L and did not show any seasonal variations. The 
WWTP effluents showed slightly higher NH4+ concentrations (0.2 and 0.73 mg/L) compared to 
other agricultural drains (0.2 to 0.4 mg/L). While the NH4+ concentrations varied in a similar 
range (0.1 to 0.24 mg/L) in the Rio Grande during the irrigation season, they were below 
detection limit (<0.05 mg/L) during the non-irrigation season.  
 
Sulfate (SO42-) 
Significantly high SO42- concentrations were observed in three drains near west El Paso in 
both non-irrigation and irrigation seasons (300 to 830 mg/L and 296 to 465 mg/L, respectively) 
(Fig. C13, C14). Similarly, the SO42- concentrations significantly increased in drains below El 
Paso at Fabens and Tornillo (150 to 440 mg/L and 312 to 600 mg/L, respectively). Conversely, 
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the WWTP effluents showed smaller SO42- concentrations (140 to 280 mg/L) and did not show 
any seasonal variation. Considerably lower SO42- concentrations were observed in the Rio 
Grande in both investigated seasons (187 to 231 mg/L), except for the confluence of Rio Grande 
(800 mg/L) with the Montoya drain which showed the highest SO42- concentrations during the 
non-irrigation and irrigation seasons (830 mg/L and 345 mg/L, respectively).  
 
Chlorite (Cl-) 
The highest Cl- concentrations were observed in drains during the non-irrigation (296 to 
717 mg/L) compared to significantly lower concentrations (178 to 237 mg/L) during the 
irrigation season (Fig. C15, C16). In addition, considerable increase of Cl- concentrations was 
observed in the agricultural drains between Fabens and Tornillo during both non-irrigation (312 
to 600 mg/L) and irrigation (150 to 440 mg/L) seasons. In both investigated seasons, the WWTP 
effluents showed similar Cl- concentrations, ranging from 172 to 323 mg/L. In the Rio Grande 
water, the Cl- concentrations were slightly lower (53.5 to 88.8) during the irrigation compared to 
the non-irrigation seasons (70.63 to 126 mg/L), except for the confluence of Rio Grande (614 
mg/L) with the Montoya drain which showed the highest Cl- concentrations (717 mg/L) during 
the non-irrigation season.  
 
Sodium (Na+) 
The highest Na+ concentrations were observed in the agricultural drains in El Paso, 
Fabens and Tornillo, 348 to 562 mg/L during the non-irrigation season and 79.7 to 312 mg/L 
during the irrigation season (Fig. C17, C18). Similarly, the elevated Na+ concentrations were 
observed in the WWTP effluents in El Paso, from 90 to 277 mg/L. Significantly lower Na+ 
concentrations were noticed in the upstream agricultural drains (42.9 to 52.6 mg/L) and in the 
Rio Grande water (27.7 to 57 mg/L), except for the confluence of the Rio Grande (163 to 480 
mg/L) with the Montoya drain which showed the highest Na+ concentrations (383 to 491 mg/L).  
 
4.3 Variations of isotope composition  
 
Sulfur and oxygen isotope compositions of sulfate (δ34S and δ18O of SO42-) 
δ34S values of the Rio Grande during the irrigation season varied in similar range and 
were lower (-0.2 to 2.0 ‰) compared to the non-irrigation season (-1.7 to 6.7‰). In the WWTP 
effluents, δ34S showed high variability (0.6 to 8.3‰) (Fig. C19, C20). Similar to the effluents, 
greater variation of δ34S values was observed in the agricultural drains (0.1 to 6.4‰).  
δ18O values of the Rio Grande were similar during the irrigation (4.3 to 6.1‰) compared 
to the non-irrigation season (4.3 to 6.1‰; median 5.71‰, n=9) (Fig. C21, C22). Similar δ18O 
values were observed in the drains (from 4.5 to 7.4 ‰; median 5.7‰, n=10) with highest values 
near west El Paso (6.7 to 7.4 ‰). Significantly lower values of δ18O were noticed in the WWTP 
effluent at Las Cruces (-0.08‰) compared to El Paso (2.7 to 4.7‰; median 3.7‰, n=3).  
 
Nitrogen and oxygen isotope compositions of nitrate (δ15N and δ18O of NO3-) 
The NO3- concentrations of the Rio Grande were too low (<1 mg/L) for isotope analysis 
during the non-irrigation season (Fig. C23, C24). Therefore, the isotope compositions of river 
samples collected during the irrigation season were only determined.  
The δ15N values of the Rio Grande during the irrigation season ranged from 4.5 to 11.3‰ 
(median 10.9‰, n=5) and were similar to the drain water (7.7 to 10.9 ‰) and most of the 
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WWTP effluents (7.3 to 10.9 ‰), except for the effluent in the Camino Real West El Paso with 
significantly higher δ15N values of 21.4 ‰. Typically, the δ15N of WWTP effluents during the 
non-irrigation season were slightly lower (median 9.0 ‰, n=3) compared to the irrigation season 
(median 10.9‰, n=5). The precipitation samples collected during monsoon rains from the storm 
drains and house roofs ranged from -4.7 to -1.6 ‰ (median -3.4‰, n= 5). The δ15N values of 
liquid fertilizers ranged from -0.6 to 3.0 ‰ (median 0.0 ‰, n= 4). The δ15N values of solid 
ammonium sulfate-based fertilizers ranged from -2.3 to 2.4 ‰ (median -0.8 ‰, n= 26). 
The δ18O values of the Rio Grande during irrigation season ranged from -4.29 to 7.5‰ 
(median -2.2‰, n=5) (Fig. C25, C26).  Similar δ18O values were observed in the agricultural 
drains, from -5.66 up to 8.9‰ (median -0.72‰, n=7). The δ18O values in the WWTP effluents 
showed smaller variation, from -4.95‰ to 0.46‰ (median -3.72‰, n=5) and were 3.8‰ lower 
in the non-irrigation compared to the irrigation season. A similar relationship was observed for 
the downstream drains south of El Paso at Fabens and Tornillo. The precipitation samples ranged 
from 36.5 to 44.9 ‰ (median 40.5 ‰, n= 5). The δ18O values of liquid fertilizers ranged from 
15.8 to 19.19 ‰ (median 18.8 ‰, n= 4). The theoretical δ18O values of solid ammonium sulfate-
based fertilizers were calculated based on the uptake of O from air and water (see section 5.2 for 
more details). Consequently, the obtained δ18O values ranged from 0.85 to 6.58‰ (median 
2.53‰, n= 23).  
 
4.4 Correlation matrices 
The relevant water chemistry and isotope data were correlated using s Pearson product-
moment correlation (Pearson r) at a significance level of p < 0.05 and casewise deletion of 
missing data (Tabs. B6, B7 of Appendix B).  
An absolute positive correlation between EC and TDS was observed in all of the 
correlation matrices (r=1) presented in tables B6 and B7 of Appendix B. This is mainly because 
the TDS was calculated by YSI Multi Parameter System using the measured EC in the collected 
water samples according to the following equation:  
TDS (mg/L) = EC (µS/cm) x 0.67 
Generally, the EC and TDS positively correlated with major ions (SO42-, Cl-, Na+) (Tabs. 
B6, B7 of Appendix B) both during the non-irrigation (r= 0.96, 0.98, 0.94; respectively) and 
irrigation season (r= 0.91, 0.93, 0.65; respectively) (Figs. C27, 28, 29). Additionally, the SO42- 
and Cl- concentrations were strongly correlated to each other in both seasons (r= 0.87 and 0.89, 
respectively; Fig. C30). An endmember grouping is apparent in these correlations, with drain 
samples showing the highest and the Rio Grande the lowest SO42- and Cl- concentrations. The 
WWTP effluents grouped between the drains and Rio Grande water samples. While Na+ 
concentration was positively correlated with SO42- and Cl- concentrations (r= 0.86 and 0.95, 
respectively) during the non-irrigation season (Fig. C31), these correlations were less significant 
during the irrigation season (r= 0.59 and 0.73, respectively) (Fig. C32). Similar endmember 
grouping is observed for the Na versus SO42- and Cl- concentration correlations (Fig. C30, C31).  
Two significant negative correlations were observed during the non-irrigation season 
(Tab. B6 of Appendix B), between NO3- concentration and δ18O-SO42-, r = -0.77 (Fig. C33) and 
between NO3- concentration and δ18O-NO3-, r = -0.85 (Fig. C34). This implies that the locations 
with higher NO3- concentrations tended to have lower δ18O values of SO42-. For both correlations, 
the WWTP effluents showed lower δ18O values and higher NO3- concentrations compared to 
higher δ18O values and lower NO3- concentrations in the Rio Grande and drains. The Rio Grande 
and drains showed a very wide variability of δ18O-NO3- values during the irrigation season. 
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Furthermore, a significant negative correlation was found between NO3- concentration and pH in 
both investigated seasons (r=-0.84 for irrigation and r=-0.69 for non-irrigation) (Fig. C35). The 
endmember grouping is present in this correlation, with the WWTP effluents showing higher 
NO3- concentrations and lower pH values. In contrast, the Rio Grande and drains showed a very 
small variation with similarly high pH and low NO3- concentration during the irrigation season. 
Lastly, a very strong positive correlation was also observed between δ2H -H2O and δ18O-H2O 
during the irrigation and non-irrigation season (r=0.99 and 0.94, respectively; Figure C36) and 
followed the Local Meteoric Water Line. Also, the water sampled during the non-irrigation 
season followed a distinctive evaporation trend.  
In Figures C37 through C51, various in situ and laboratory measurements were compared 
to each other. Generally, the compared variables did not show any significant (clear) 
relationships in the investigated seasons (Tabs. B6 and B7 of Appendix B) based on the 
Pearson’s r correlation coefficient. However, a significant correlation (r= 0.91) was observed in 
figure C49, during the non-irrigation season, in variations of pH compared to δ18O – NO3-.  
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5. DISCUSSION 
Two main scientific goals of this study were: i) characterization of major NO3- sources in 
the semi-arid Rio Grande using N and O isotope compositions, and ii) assessment whether 
salinity is a limiting factor for microbial denitrification on the irrigated land. The obtained 
chemical and isotope results were used to test the following hypotheses:  
 
H1 - The highest contributions of NO3- from waste water effluents should be more apparent in 
close proximity to large cities and in agricultural areas using the reclaimed water (city water) 
for irrigation (see section 5.1); 
 
H2 - Contributions of NO3- from urban sources (waste water effluents) should have different N 
and O isotope composition compared to agricultural sources because it has been well 
documented that they significantly differ in isotope compositions (see section 5.2.); 
 
H3 - Surface water affected by microbial denitrification should be enriched in heavier N and O 
isotopes of nitrate because of a preferential uptake of light isotopes by microbes (see section 
5.3). 
 
The figures and tables presented in Appendix C were mainly used to test Hypothesis 1, and the 
once presented in Appendix D were mainly used to test Hypotheses 2 and 3.  
 
5.1 Water quality 
Using the Piper Diagram, no distinctive water type(s) can be distinguished in the studied 
samples from the Rio Grande watershed during the fall 2014 (non-irrigation) and summer 2015 
(irrigation). Nevertheless, many of the non-irrigation water samples appeared to be more 
enriched in Na+, Cl-, and SO42- compared to the irrigation season which showed greater 
enrichment in Ca2+, Mg2+, and HCO3- ions. Only one waste effluent sample from the Sunland 
Park WWTP showed more distinct water chemistry indicative of a bicarbonate type (Figure D1).   
Previous studies suggested that human processes such as agriculture, groundwater 
pumping and urbanization significantly affect water quality and NO3- concentrations in the Rio 
Grande (Ellis et al., 1993; Passell et al., 2005; Oelsner et al., 2007). While arid climate and flood 
irrigation enhances evaporation rates leading to both salt increases and leaching of N-bearing 
compounds from fertilizers (Ellis et al., 1993; Szynkiewicz et al. 2015), waste effluents from big 
cities account for significant NO3- loads to the Rio Grande (Oelsner et al., 2007; Szynkiewicz et 
al. 2015). However, the magnitude and extent of NO3- contamination due to agriculture and 
urbanization could not be previously documented using NO3- concentrations alone. This was also 
in part due to more focus on the localized areas (e.g., separated topographic basins), limited 
seasonal monitoring, and poor spatial characterization of major NO3- endmembers (Ellis et al., 
1993; Passell et al., 2005; Oelsner et al., 2007; Szynkiewicz et al., 2015). 
In this study, variations of NO3-, NO2-, and NH4+ concentrations in major endmembers 
(e.g., effluent, drain water) were used to characterize contributions of main N forms to the Rio 
Grande relative to a distance from the Elephant Butte reservoir. Generally, the NO2- and NH4+ 
concentrations in these endmembers were significantly smaller (0.13 to 2.6 mg/L in drains; 0.1 to 
2.79 mg/L in effluents; Figs. C9, C11) compared to NO3-concentrations (0.1 to 72 mg/L in 
drains; 44 to 140 mg/L in effluents; Fig. C7). Less significant relationship was observed for the 
Rio Grande surface water with low concentrations of NO2- and NH4+ (0.1 to 1.6 mg/L; Figs. C9, 
C11) and only slightly higher concentrations of NO3- (0.1 to 2.72 mg/L; Fig. C7). It appears that 
most of the reduced N inputs to the Rio Grande are readily oxidized to NO3-. Accordingly, this is 
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consistent with high concentrations of dissolved O2 in the drains, waste effluents and the Rio 
Grande (5.34 to 11.07 mg/L; Tab. B1 of Appendix B).  
In south New Mexico and west Texas, the irrigation drains and waste effluents from Las 
Cruces and El Paso become important tributaries to the Rio Grande due to increasing aridity, 
limited precipitation, and reduced stream flows (Oelsner et al., 2007). This is particularly a 
problem during non-irrigation season (fall and winter) when little surface water is released from 
the Elephant Butte reservoir. Accordingly, significant downstream increases of NO3-
concentrations in the Rio Grande (<0.05 to 2.72 mg/L; Fig. C7) and agricultural drains (0.36 to 
71 mg/L; Fig. C7) are likely a result of high NO3-concentrations in urban waste effluents (44 to 
140 mg/L; Fig. C7). In particular, this was the case in the fall 2014 (non-irrigation) when the 
drain water at Fabens (Location H) showed similarly high NO3- concentrations (71.9 mg/L) as 
the waste effluents (65.6 to 73.4 mg/L) in three WWTPs in El Paso (Locations M, N). The latter 
is an important source of the reclaimed city water, which is carried by American Canal to the 
irrigation districts located south of El Paso. The American Canal is a stone/concrete canal 
transporting a portion of the Rio Grande surface water along the international border, governed 
by the International Boundary and Water Commission regulating surface water allocation 
between the United States and Mexico. Given that precipitation mainly occurs during summer 
monsoon in the studied areas and the stone/concrete lining reduces mixing with shallow 
groundwater, this limits the dilution of waste effluents from the city of El Paso and thus 
contributes to high NO3- loads in the southern irrigation districts in west Texas.  
 
5.2 Nitrate Sources 
In order to better understand mixing of different NO3- sources and their % contributions 
into the Rio Grande and irrigation return flows, the δ15N and δ18O values of NO3- in three major 
endmembers (waste effluent, fertilizer, precipitation/urban runoff) were determined. Similar to 
previous studies (e.g., Kendall et al., 2007; Tab. D1), those endmembers have shown distinctive 
isotopic compositions with the highest δ15N and lowest δ18O in the waste effluents (7.4 to 11.6‰ 
and -10 to -4‰ respectively), lower δ15N and higher δ18O in liquid fertilizers (-0.1 to 3‰ and 
15.8 to 19.9‰, respectively), and the lowest δ15N and highest δ18O in precipitation (-4.7 to -1.6 
and 36.5 to 44.9‰, respectively).  
A distinctive mixing line (r= 0.95) is observed between these three endmembers in the 
studied area using δ15N and δ18O of NO3- (Fig. D2). Except for three samples affected by 
microbial denitrification (see section 5.3 for details), the Rio Grande and drain samples plotted 
between the fertilizer and waste effluent endmembers. This suggests that precipitation 
contributes rather minor amounts of NO3- into the hydrological system of studied area. This, in 
turn, is in good agreement with the fact that precipitation is rare in the studied area, mainly 
limited to the short rain events during summer monsoon. However, relatively high NO3- 
concentrations were measured in the rain samples collected in El Paso during the 2014 summer 
monsoon (1.4 to 8.1 mg/L; Tab. B2 of Appendix B). Therefore, it is likely that precipitation 
might be an important NO3- source to the Rio Grande during single storm events. Given that the 
precipitation samples were mainly collected from storm drains and house roofs; the elevated 
NO3- concentrations might have also resulted from rapid leaching of atmospheric N accumulated 
on the surface over longer periods of drought. 
Assuming two-endmember model, the δ15N and δ18O of the effluent- and fertilizer-NO3- 
can be used to calculate their contributions to the Rio Grande and agricultural drains using the 
following mass balance equations: 
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δ15NSample= (1-x) • δ15NFertilizers + x • δ15NWWTP        (1) 
 
δ18OSample= (1-x) • δ18OFertilizers + x • δ18OWWTP        (2) 
 
where x is the proportion of total dissolved NO3- coming from the WWTP effluents. In these 
calculations, the average measured δ15N and δ18O of NO3- in the liquid fertilizers (0.6 and 
18.3‰, respectively) and the WWTP effluents (irrigation: 10.1 and -4.53‰, and non-irrigation: 
9.0 and -7.6‰, respectively) were used.  
The results of N and O isotope mass balance constraints are presented on Fig. D3 and in 
Tab. D1 of Appendix D. It appears that the contributions of the WWTP effluent-derived NO3- 
varied in a wide range, from 53 to 100 % in the Rio Grande (blue circles on Fig. D3) and from 
23.8 to 100 % in drains (green circles on Fig. D3) when compared to the fertilizer-derived NO3-. 
Higher contributions of the fertilizer-derived NO3- were usually observed upstream in Locations 
4 and 5 (near Las Cruces) with smaller number of inhabitants and lack of large cities. 
Conversely, greater contributions of the effluent-derived NO3- were more typical in the 
downstream Locations 7 through 10 near large urban centers (e.g., El Paso area) and in the 
agricultural drains south of El Paso (Locations H and I) where there is a significant effort of 
reusing the reclaimed city water (e.g., treated WWTP effluent). Consequently, the results of 
isotope mass balance are in good agreement with the observed significantly higher NO3- 
concentrations (44 to 140 mg/L; Fig. C7) in major waste effluents from Las Cruces and El Paso 
compared to the smaller NO3- concentrations in other endmembers (12.55 to 71.96 mg/L in drain 
water; 1.37 to 8.13 mg/L in precipitation).  
Mixing between effluent- and fertilizer-derived NO3- can be also identified while 
comparing δ15N values versus NO3- concentrations. In this comparison, the ratio of 1/NO3- 
instead of NO3- concentrations was used because of the wide range of NO3- concentrations 
measured in the waste effluents (44 to 140 mg/L), Rio Grande (0.1 to 2.72 mg/L) and drain water 
(4.5 to 15.7 mg/L). Figure D4 shows the expected δ15N changes of the effluent endmember due 
to dilution, major microbial processes (e.g., nitrification, denitrification), and mixing with 
irrigation return flows. While all these processes increase the ratio of 1/NO3- (decrease NO3- 
concentration), the δ15N change differently because of distinctive N isotope fractionations. 
Generally, dilution does not involve any significant N isotope fractionation. In contrast, 
microbial denitrification significantly increases δ15N because of a preferential 14N uptake by 
microbes (e.g., Kendall et al., 2007). Since fertilizers and soil both contribute NO3- with lower 
δ15N (Fig. D2; Panno et al., 2006; Kendall et al., 2007), mixing of waste effluent with irrigation 
return flows would decrease δ15N. The Rio Grande surface water showed decreasing δ15N of 
NO3- with increasing 1/NO3- (R2=0.75, Fig. D5A). This, in turn, is in a good agreement with 
mixing between the effluent (high δ15N and NO3- concentrations) and fertilizer endmember (low 
δ15N and NO3- concentrations) as inferred using δ15N and δ18O of NO3- alone (Fig. D2). A similar 
correlation, but statistically less significant, was observed for drain water (R2=0.40) with a slight 
shift toward dilution (Fig. D5A). The latter might be a result of mixing with NO3--depleted deep 
aquifer groundwater (NO3- < 1 mg/L; Aravena and Robertson, 1998) which is commonly used by 
farmers for irrigation to substitute the Rio Grande surface water. In contrast, there was no 
significant correlation between δ18O and 1/NO3- in the studied water samples (Fig. D5B). Given 
that O isotopes can easily exchange between water and NO3-, it is likely that some of the 
measured δ18O of the Rio Grande and drain water were more affected by this process.   
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In the studied agricultural drains, mixing with deeper aquifer groundwater is also inferred 
using δ34S and δ18O of dissolved SO42-. Three major sources of SO42- (e.g., fertilizers, waste 
water, evaporites in bedrock) significantly differ in their isotope composition in the Rio Grande 
watershed (Fig. D6; Szynkiewicz et al., 2011, 2015). The majority of analyzed drain samples 
showed higher δ34S and δ18O values compared to the Rio Grande and waste effluents, and were 
shifted toward the isotope composition of Paleozoic bedrock evaporites common in this area 
(Fig. D6). The evaporite-derived SO42- significantly controls isotope composition of groundwater 
in south New Mexico (Witcher el al., 2004) and west Texas (Szynkiewicz et al., 2015). The 
sampling seasons of 2014 and 2015 followed a multi-year drought, which led local farmers to 
pumping more aquifer groundwater for irrigation due to less releases of surface water from the 
Elephant Butte reservoir. This, in turn, explains higher δ34S and δ18O of SO42- in drains observed 
during the investigated seasons. Conversely, wetter seasons are characterized by lower δ34S and 
δ18O of the Rio Grande surface water, originating from a sulfide-derived SO42- contributed in the 
headwater region (Szynkiewicz et al., 2011, 2015). 
It should be pointed out that some of the solid fertilizers used in the Rio Grande 
watershed are composed of ammonium sulfates. This type of inorganic fertilizers usually has 
distinctive low δ15N values (generally -4 to 4‰) because of the manufacturing process that uses 
atmospheric N2 gas with low δ15N of ~0 ‰ (Kendall et al., 2007). Accordingly, in the Rio 
Grande watershed the ammonium sulfate-based fertilizers showed relatively low δ15N, from -2.3 
to 2.4‰ (median -0.78‰, n=26), and were similar to δ15N of liquid fertilizers (-0.6 to 3 ‰). It 
can be expected that some quantities of ammonium sulfates undergoing dissolution on 
agricultural fields are subsequently oxidized to NO3-. While inorganic oxidation would not 
significantly change the initial δ15N, microbial nitrification (e.g., oxidation of NH4+ to NO3-) 
might increase δ15N by a few ‰ in NO3- forming within irrigated soils (Feigin et al., 1974). In 
contrast, δ18O of NO3- is more controlled by δ18O of water and atmospheric O2 (Kendall et al., 
2007). In first step of nitrification, atmospheric O2 is used for oxidation of NH4+ to 
hydroxylamine (NH2OH). In the second step, further oxidation to NO2- involves incorporation of 
water oxygen molecule. In the last step, water oxygen is used for oxidation of NO2- to NO3- 
(Aleem et al., 1965; Dispirito and Hooper, 1986). As a result, two molecules of water oxygen 
and one molecule of atmospheric oxygen are incorporated to NO3- according to the following 
equation:  
δ18Onitrate = 2/3⋅δ18Owater + 1/3⋅δ18Oatmospheric oxygen        (3) 
 
Equation 3 is a rough estimation of δ18O of NO3- assuming two constant sources of oxygen from 
water and air with limited alteration by subsequent processes (e.g., microbial denitrification, 
evapotranspiration). However, it can be used for determining the theoretical δ18O of NO3- 
expected from oxidation of ammonium sulfate fertilizers in the studied system. Using generally 
accepted δ18O of atmospheric O2 (+23.5‰; Kendall, 2007) and the measured δ18O of the studied 
water samples (-10.5 to -3.6‰; Tab. B3 of Appendix B), it was determined that in the Rio 
Grande watershed the δ18O of NO3- from the oxidation of ammonium sulfate fertilizers would 
range from 0.85 to 6.57‰ (mean of 2.56‰, n=23; Fig. D3). Note that this is by ~15-20‰ lower 
compared to the Rio Grande liquid fertilizers (15.8 to 19.9‰). Generally, the ammonium sulfate 
NO3- endmember plots slightly to the left from the mixing line determined for the liquid fertilizer 
and waste effluent endmembers (Fig. D3), suggesting minor contributions to the Rio Grande and 
drains.  
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Additionally, δ15N and δ18O of soil NO3- originated from oxidation of organic matter (2 to 
5‰ and -10 to 10%, respectively; Kendall et al., 2007) did not overlap significantly with the 
measured ones in the drain and river water samples (Fig. D3). While isotope compositions of 
NO3- from soil nitrification plot in the middle of mixing line determined for the δ15N and δ18O of 
fertilizer and waste effluent endmembers, it is impossible to accurately evaluate soil NO3- 
contributions in the studied area. Nevertheless, δ18O of NO3- should show a strong correlation 
with δ18O of water in aquatic environments dominated by NO3- fluxes from soil nitrification 
(e.g., Wankel et al., 2006; McMahon and Bohlke, 2006) because two out of three oxygens in 
NO3- come from ambient water (Equation 3). In the Rio Grande watershed, there was no clear 
relationship between δ18O of NO3- and water (Tabs. B6, B7 of Appendix B), which supports the 
conclusion that NO3- contributions from nitrification were rather minor/negligible in the 
investigated seasons.   
 
5.3 Impacts of water salinity on NO3- cycling 
Microbial denitrification is common in soil profiles and leads to significant increases of 
δ15N and δ18O followed by decreases of NO3- concentrations in shallow groundwater (e.g., 
Kendall et al., 2007). This process has been important in bioattenuation of excess nutrient loads 
from agricultural activities (Panno et al., 2006). In the Rio Grande watershed during the non-
irrigation season, two agricultural drains in west El Paso (Location E) and Tornillo (Location I) 
and one waste effluent in Las Cruces (Location K) showed considerable increases of δ15N and 
δ18O, and general shift of isotope composition to the right side of the mixing line presented on 
Figure D2. These samples followed a typical 2:1 slope indicative of microbial denitrification 
(e.g., Kendall et al., 1998), implying that this process is locally important in the studied area.  
Elevated water salinity is a potential physiological stressor for denitrifying microbes 
(Rysgaard et al., 1999). Some marine studies suggest that denitrification rates decrease under 
elevated Na and Cl concentrations (Margalhaes et al., 2005; Seo et al., 2008). In this study, there 
was no distinctive correlation between the NO3- and Cl-, Na+, SO42- concentrations (Tabs. B6, B7 
of Appendix B). In fact, two agricultural drains with the strongest isotope evidence of 
denitrification in Locations E and I (Fig. D2) showed high EC of 2.9 and 4.2 mS/cm, 
respectively and high Cl- (297 to 665 mg/L), Na+ (269 to 562 mg/L), SO42- (593 to 601 mg/L) 
concentrations (Tab. B2 of Appendix B). This suggests that higher salinity is not a limiting factor 
for microbial denitrification in south New Mexico and west Texas. In the studied area, local 
agricultural drains are designed to increase drainage of infiltrating irrigation water in order to 
avoid anoxic conditions in the shallow subsurface of the irrigated fields. As a result, microbial 
denitrification rates might be greatly slowed down by a quick drainage system. This observation 
is in a good agreement with previous studies showing higher denitrification rates in soils with 
slow movement of water through soil profiles (e.g., Gormly and Spalding, 1979; Kendall, et al. 
2007).  
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6. CONCLUSIONS 
In this study, two major NO3- sources were identified in the Rio Grande watershed using 
chemical and isotope tracers; these were fertilizers applied on agricultural fields and waste water 
effluents from large cities in Las Cruces, New Mexico and El Paso, Texas. Minor amounts of 
NO3- were likely added to the system by precipitation (urban runoff) as well as microbial 
nitrification in soils. According to isotope mass balance constraint and spatial changes of NO3- 
concentrations, the contribution of the waste effluent-derived NO3- gradually increased 
downstream due to increasing urbanization and large number of WWTPs. For example, in 
upstream locations near Las Cruces with smaller population, the waste effluents contributed 24-
47% of NO3- into the Rio Grande and agricultural drains contributed significantly higher 
contributions of fertilizer-derived NO3- (53-76%). Conversely, the waste effluent-derived NO3- 
accounted for up to 90-100% in downstream locations near El Paso. This suggests that large 
urban centers are important NO3- contributors into the aquatic system of the Rio Grande 
watershed in southern New Mexico and western Texas. Microbial denitrification appears to be 
insignificant in natural bioattenuation of the excess nutrient loads from anthropogenic sources in 
the studied area. The observed small denitrification effect likely results from the quick drainage 
of irrigation water. Moreover, denitrification did not appear to be significantly affected by 
elevated water salinity. 
The predicted transition to a more arid climate in the future will likely increase 
evaporation rates and decrease stream flows in American Southwest due to increasing 
temperatures and less snowpack in main recharge areas (e.g., Yuan and Miyamoto, 2004; Gutzler 
and Robbins, 2010). Additionally, the current population in the study area is expected to double 
during next 50 years. Therefore, it can be expected that NO3- loads will likely increase into the 
Rio Grande in the future, mainly from the increases of WWTPs servicing the growing population 
in the region. Additional increases of NO3- concentrations might also result from increasing 
evaporation rates and smaller dilution due to less snow/rain fall. 
Future monitoring studies in the Rio Grande watershed would benefit from more seasonal 
observations as well as sampling performed during key seasons. This is particularly important for 
understanding the NO3- contributions from precipitation during monsoon season. Further, 
plausible denitrification “hot-spots” could be better identified by studying N and O isotope 
compositions of NO3- on the flooded irrigated fields using monitoring piezometers and available 
groundwater wells. 
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APPENDIX A. Sample location maps 
 
Figure A1.  Location map of water sampling sites along the Rio Grande in South New 
Mexico and West Texas. 
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Figure A2. 3D image showing locations of major cities and irrigation districts in the studied 
area of Rio Grande watershed.  
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APPENDIX B. Chemical, isotope and statistical results. 
Table B1. In-situ measurements in the surface waters of the Rio Grande watershed during 
(A) non-irrigation season of October 2014 and (B) irrigation season of June 2015. n.a. – not 
analyzed. 
A 
Map 
Location Site Name 
Distance 
[km] 
 
Water type Temperature [°C] 
Conductivity 
[µS/cm] 
TDS 
[g/L] 
DO 
[mg/L] pH 
ORP 
[mV] 
1 Elephant Butte 0 River 25.34 885 0.58 10.79 8.7 100 
2 Below Caballo 42 River 21.89 1008 0.66 8.37 8.2 107 
3 RG Rd 26 88 River 21.50 1211 0.79 6.87 8.5 108 
10 RG CB 208 River 19.56 4099 2.67 10.77 8.1 51 
D Newmexas Drain 199 Drain 24.88 2844 1.86 15.5 8.5 -142 
E West Side Drain 203 Drain 21.00 2963 1.93 10.13 8.0 -77 
F Montoya Drain 208 Drain 22.44 4638 3.00 9.08 8.1 -133 
G Ryan's Crossing 209 Drain 29.74 1483 0.96 7.49 10.7 -175 
H Fabens Drain 263 Drain 21.63 2223 1.45 7.06 7.8 -42 
I Tornillo Drain 283 Drain 17.45 4229 2.75 8.04 8.1 -30 
J LCWWTP 140 Effluent 25.67 1371 0.89 6.95 6.9 -59 
L EWWTP 211 Effluent 27.80 1950 1.27 6.39 7.5 30 
N RBWWTP 240 Effluent 28.45 2079 1.35 5.37 7.4 83 
 
B 
Map 
Location Site Name 
Distance 
[km] 
Water 
type 
Temperature 
[°C] 
Conductivity 
[µS/cm] 
TDS 
[g/L] 
DO 
[mg/L] pH 
ORP 
(mV) 
1 Elephant Butte 0 River 25.00 683 0.44 10.00 8.1 30 
2 Below Caballo 42 River 24.30 743 0.48 8.37 8.1 -79 
3 RG Rd 26 88 River 24.30 743 0.48 10.00 8.2 -79 
3B Hatch Canal 79 River 25.55 729 0.47 7.22 8.4 -66 
4 Hwy 70 138 River 25.30 669 0.44 8.10 8.2 -111 
5 Hwy 359 146 River 26.70 1159 0.70 8.16 8.0 -73 
6 Hwy 28 153 River 26.86 728 0.47 n.a. 8.4 -127 
7 RG Rd 189  167 River 26.36 405 0.26 n.a. 8.1 426 
8 RG Rd 259 191 River 29.00 734 0.48 8.92 8.5 -97 
9 RG Racetrack 206 River 28.12 866 0.56 7.10 7.7 176 
10 RG CB 208 River 27.57 796 0.52 6.79 7.8 209 
A Hatch Drain 81 Drain 28.08 758 0.49 5.84 7.9 239 
B Vado Drain 176 Drain 27.53 763 0.41 9.71 7.8 188 
D Newmexas Drain 199 Drain 28.08 1668 1.08 11.05 7.7 -270 
E West Side Drain 203 Drain 33.39 2388 1.55 n.a. 8.2 38 
F Montoya Drain 208 Drain 27.68 1651 1.07 6.79 7.5 38 
G Ryan's Crossing 209 Drain 31.11 1005 0.65 7.45 7.8 57 
H Fabens Drain 263 Drain 31.48 895 0.58 7.59 8.0 83 
I Tornillo Drain 283 Drain 28.96 2932 1.91 11.07 7.9 77 
J LCWWTP 140 Effluent 29.08 1200 0.78 8.16 6.9 -70 
K CR WWTP 206 Effluent 30.55 1891 1.23 7.50 7.2 287 
L EWWTP 211 Effluent 30.51 1726 1.12 6.72 7.4 360 
M HWWTP 222 Effluent 30.36 1317 0.86 5.34 7.0 712 
N RBWWTP 240 Effluent 32.86 1650 1.07 9.45 6.7 448 
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Table B2. Chemical composition of the surface waters from the Rio Grande watershed 
during (A) non-irrigation season of October 2014 and (B) irrigation season of July 2015. 
Presented values are in units of mg/L. n.a. – not analyzed. 
A 
Map 
location Site Name Li
+ Na+ NH4+ K+ Mg2+ Ca2+ F- Cl- NO2- Br- NO3- SO42
- PO43- 
1 Elephant Butte <0.05 70 <0.05 7.72 10 62 0.66 71 <0.05 0.12 <0.05 187 0.01 
2 Below Caballo <0.05 53 <0.05 3.81 13 46 0.82 98 <0.05 0.16 <0.05 106 0.02 
3 RG Rd 26 <0.05 100 <0.05 8.82 18 80 0.50 126 <0.05 0.18 0.01 232 0.02 
10 RGCB <0.05 481 5.54 7.33 24 103 1.13 614 0.15 0.81 1.09 801 0.92 
D Newmexas Drain <0.05 382 <0.05 6.32 25 89 0.88 351 <0.05 0.56 <0.05 538 0.03 
E West Side Drain <0.05 269 <0.05 6.11 22 57 1.05 297 <0.05 0.78 <0.05 593 0.05 
F Montoya drain <0.05 492 1.02 5.09 24 99 0.72 717 <0.05 0.77 <0.05 831 0.04 
G Ryan's Crossing <0.05 240 <0.05 7.34 <0.05 64 1.29 199 <0.05 0.15 <0.05 227 <0.05 
H Fabens Drain <0.05 348 <0.05 17.62 18 69 0.98 349 0.57 0.33 71.96 312 9.96 
I Tornillo Drain <0.05 562 <0.05 13.64 40 191 0.86 665 0.22 0.63 12.55 601 1.21 
J LCWWTP <0.05 90 <0.05 29.19 30 88 0.58 172 <0.05 0.15 140.32 140 5.76 
L EWWTP <0.05 272 1.58 11.22 9.67 68 0.96 259 0.35 0.32 65.67 305 3.04 
N RBWWTP <0.05 262 <0.05 18.03 14 51 0.92 324 <0.05 0.12 73.47 253 11.17 
 
B 
Map 
location Site Name Li
+ Na+ NH4+ K+ Mg2+ Ca2+ F- Cl- NO2- Br- NO3- SO42
- PO43- 
1 Elephant Butte <0.05 28 <0.05 5.04 9.75 44 0.54 55 <0.05 <0.05 <0.05 125 <0.05 
2 Below Caballo <0.05 53 <0.05 5.50 12.22 59 0.36 62 <0.05 <0.05 <0.05 122 <0.05 
3 RG Rd 26 <0.05 54 <0.05 7.23 12.45 60 0.35 60 <0.05 <0.05 <0.05 122 <0.05 
3B Hatch Canal <0.05 52 <0.05 5.94 12.29 58 0.35 59 <0.05 <0.05 <0.05 122 <0.05 
4 Hwy 70 <0.05 46 <0.05 5.63 11.33 53 0.35 54 <0.05 <0.05 0.35 108 <0.05 
5 Hwy 359 <0.05 45 <0.05 5.70 10.54 52 0.45 54 <0.05 <0.05 0.54 105 <0.05 
6 Hwy 28 <0.05 57 <0.05 7.30 12.77 61 0.76 65 <0.05 <0.05 2.72 124 <0.05 
7 RG Rd 189  <0.05 52 <0.05 6.34 11.95 59 0.45 61 <0.05 <0.05 0.98 121 <0.05 
8 RG Rd 259 <0.05 43 <0.05 5.64 10.20 63 0.40 62 <0.05 <0.05 0.91 121 <0.05 
9 RG Racetrack <0.05 77 1.85 7.30 11.48 59 0.60 89 <0.05 <0.05 0.76 141 0.43 
10 RG CB <0.05 163 <0.05 10.25 8.52 44 0.50 72 <0.05 <0.05 1.34 136 <0.05 
A Hatch Drain <0.05 54 <0.05 6.20 12.59 59 0.38 62 <0.05 <0.05 <0.05 127 <0.05 
B Vado Drain <0.05 53 <0.05 6.30 12.11 59 0.51 62. <0.05 <0.05 0.82 122 <0.05 
D Newmexas Drain <0.05 267 <0.05 9.75 22.87 86 0.56 178 <0.05 <0.05 0.36 297 <0.05 
E West Side Drain <0.05 62 <0.05 6.32 12.52 60 0.73 227 <0.05 <0.05 <0.05 465 <0.05 
F Montoya drain <0.05 384 <0.05 13.17 41.56 76 0.54 237 <0.05 <0.05 1.02 345 <0.05 
G Ryan's Crossing <0.05 221 <0.05 7.73 21.64 74 0.32 153 <0.05 <0.05 1.14 117 <0.05 
H Fabens Drain <0.05 80 <0.05 8.88 12.36 62 0.51 88 <0.05 <0.05 8.74 147 0.74 
I Tornillo Drain <0.05 312.06 0.86 8.52 25.55 125 0.61 440 <0.05 <0.05 3.33 437.11 0.55 
J LCWWTP <0.05 81.12 <0.05 19.61 28.96 83 0.50 159 <0.05 <0.05 93.15 137.82 2.99 
K CR WWTP <0.05 277.62 12.97 15.53 8.91 64 0.93 187 <0.05 <0.05 44.05 192.65 1.02 
L EWWTP <0.05 103.78 <0.05 6.43 7.79 52 0.66 251 <0.05 <0.05 51.64 284.37 5.05 
M HWWTP <0.05 152.39 <0.05 15.55 12.33 65 0.93 187 <0.05 <0.05 44.05 192.65 1.02 
N RBWWTP <0.05 197.24 1.17 18.86 16.64 77 0.83 213 <0.05 <0.05 83.46 284.42 7.08 
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Table B3. Isotope compositions of the surface waters from the Rio Grande watershed 
during (A) non-irrigation season of October 2014 and (B) irrigation season of July 2015. 
n.a. – not analyzed. 
A 
Map 
location Site Name 
Distance 
[km] 
Water 
type 
𝛿34S SO42- 
[‰] 
𝛿18O SO42- 
[‰] 
𝛿15N NO3- 
[‰] 
𝛿18O NO3- 
[‰] 
𝛿2H 
H2O  
[‰] 
𝛿18O H2O 
[‰] 
1 Elephant Butte 0 River -1.7 5.0  n.a.  n.a. -64.3 -7.6 
2 Below Caballo 42 River 3.2 7.2  n.a.  n.a. -60.0 -6.8 
3 RG Rd 26 88 River 0.3 7.2  n.a.  n.a. -44.3 -3.6 
10 RGCB 208 River 6.7 8.3 8.5 -3.3 -63.1 -7.4 
D Newmexas Drain 199 Drain 4.3 7.8  n.a.  n.a. -65.6 -7.8 
E West Side Drain 203 Drain 3.6 6.4  22.7  9.0 -66.9 -8.0 
F Montoya drain 208 Drain 6.4 8.7  n.a.  n.a. -65.6 -8.0 
G Ryan's Crossing 209 Drain 2.4 5.6  n.a.  n.a. -64.3 -6.2 
H Fabens Drain 263 Drain 4.2 4.8 9.8 -5.9 -68.1 -9.0 
I Tornillo Drain 283 Drain 3.4 6.4 15.7 -5.2 -67.5 -8.0 
J LCWWTP 140 Effluent 3.4 0.5 8.2 -9.7 -78.5 -10.4 
L EWWTP 211 Effluent 4.7 2.9 9.0 -5.5 -78.9 -10.5 
N RBWWTP 240 Effluent 1.6 4.4 10.1 -7.7 -65.5 -9.3 
 
B 
Map 
location Site Name 
Distance 
[km] 
Water 
type 
𝛿34S 
SO42- [‰] 
𝛿18O SO42- 
[‰] 
𝛿15N 
NO3- [‰] 
𝛿18O NO3- 
[‰] 
𝛿2H H2O  
[‰] 
𝛿18O H2O 
[‰] 
1 Elephant Butte 0 River 0.1 5.1 n.a. n.a. -69.8 -8.7 
2 Below Caballo 42 River 0.5 6.1 n.a. n.a. -70.6 -8.8 
3 RG Rd 26 88 River -0.2 5.8 n.a. n.a. -70.5 -8.7 
3B Hatch Canal 79 River 0.1 5.0 n.a. n.a. -69.9 -8.5 
4 Hwy 70 138 River 0.1 5.9 3.9 12.9 -62.5 -7.8 
5 Hwy 359 146 River 0.1 6.1 4.5 7.6 -61.7 -7.8 
6 Hwy 28 153 River 0.2 5.7 11.0 -4.3 -67.5 -8.2 
7 RG Rd 189  167 River 0.1 4.9 11.3 0.0 -67.6 -8.2 
8 RG Rd 259  191 River 0.1 4.8 9.4 -0.7 -66.6 -8.2 
9 RG Racetrack 206 River 2.1 4.3 10.9 -2.8 -65.7 -8.0 
10 RG CB 208 River 1.0 5.2 9.4 -2.2 -66.1 -8.0 
A Hatch Drain 81 Drain 0.2 6.3 n.a. n.a. -68.6 -8.2 
B Vado Drain 176 Drain 0.1 5.3 7.9 -3.7 -67.1 -8.1 
D Newmexas Drain 199 Drain 3.7 6.7 8.0 3.4 -62.9 -7.6 
E West Side Drain 203 Drain 3.8 6.9 n.a. n.a. -62.6 -7.4 
F Montoya drain 208 Drain 4.7 7.4 7.7 6.2 -58.3 -6.7 
G Ryan's Crossing 209 Drain 2.4 6.3 7.8 8.9 -21.4 -1.9 
H Fabens Drain 263 Drain 0.9 4.6 10.2 -4.2 -62.4 -7.6 
I Tornillo Drain 283 Drain 3.4 5.3 10.9 -3.4 -62.6 -7.4 
J LCWWTP 140 Effluent 2.9 -0.1 11.6 -5.7 -71.6 -9.4 
K CR WWTP 206 Effluent 8.3 3.6 21.4 0.5 -61.6 -7.8 
L EWWTP 211 Effluent 4.3 3.8 11.0 -3.7 -69.8 -8.9 
M HS WWTP 222 Effluent 3.2 2.8 7.4 -5.0 -62.7 -7.9 
N RBWWTP 240 Effluent 0.7 4.8 10.4 -3.8 -63.4 -7.5 
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Table B4. Chemical composition of the 2014 monsoon precipitation (urban runoff) in the 
Rio Grande watershed. Presented values are in units of mg/L.  
Type Date Li+ Na+ NH4+ K+ Mg2+ Ca2+ F- Cl- NO2- Br- NO3- SO42- PO43- 
Roof 4/26/2015 <0.05 17 2.84 3.47 1.43 22 0.71 16.8 <0.05 <0.05 7.46 10.0 <0.05 
Drain 4/26/2015 <0.05 17 2.23 3.44 1.40 22 0.96 14.0 <0.05 <0.05 8.13 11.7 0.31 
Precipitation 5/1/2015 <0.05 10 1.96 2.00 0.68 14 0.56 3.8 <0.05 <0.05 4.35 3.6 <0.05 
Roof 5/1/2015 <0.05 9 1.60 3.69 0.08 4 0.14 0.1 <0.05 <0.05 1.37 0.6 <0.05 
Street 5/1/2015 <0.05 8 1.39 1.29 0.29 7 0.57 2.2 <0.05 <0.05 3.21 2.2 <0.05 
 
Table B5. Isotope compositions of the 2014 monsoon precipitation (urban runoff) in the Rio 
Grande. Presented values are in units of mg/L; n.a. – not analyzed. Type	 Date	 𝛿34S SO42- [‰] 𝛿18O SO42- [‰] 𝛿15N NO3- [‰] 𝛿18O NO3- [‰] 𝛿2H H2O [‰] 𝛿18O H2O [‰] 
Roof 4/26/2015 n.a. n.a. -4.7 44.9 -39.6 -4.2 
Drain 4/26/2015 n.a. n.a. -4.2 40.5 -38.4 -3.9 
Precipitation 5/1/2015 n.a. n.a. -2.1 39.7 -12.0 0.4 
Roof 5/1/2015 n.a. n.a. -3.4 41.4 -37.8 -4.7 
Street 5/1/2015 n.a. n.a. -1.6 36.6 -34.6 -3.8 
 
Table B6. Correlation matrix for the surface waters from the Rio Grande watershed 
during non-irrigation season (October 2014). Red color indicates significant correlations at p 
< 0.05; N= 13 casewise deletion of missing data. 
  T EC TDS DO pH ORP  NO3  NO2  NH4 SO4 Cl Na 
𝛿 34S 
SO4	 𝛿 18O SO4	 𝛿 15N NO3	 𝛿 18O NO3	 𝛿2H H2O	 𝛿18O H2O	
T 1.00 -0.54 -0.54 -0.22 0.22 -0.15 0.34 -0.12 0.02 -0.52 -0.49 -0.42 -0.29 -0.51     -0.31 -0.26 
EC -0.54 1.00 1.00 0.29 -0.15 -0.40 -0.26 -0.13 0.44 0.96 0.98 0.94 0.73 0.51     -0.13 -0.15 
TDS -0.54 1.00 1.00 0.29 -0.15 -0.40 -0.26 -0.12 0.44 0.96 0.98 0.94 0.73 0.52     -0.13 -0.15 
DO -0.22 0.29 0.29 1.00 0.23 -0.31 -0.53 0.23 -0.06 0.45 0.16 0.24 0.17 0.52     0.08 0.16 
pH 0.22 -0.15 -0.15 0.23 1.00 -0.33 -0.65 0.11 0.07 -0.05 -0.16 -0.04 -0.26 0.40     0.42 0.64 
ORP  -0.15 -0.40 -0.40 -0.31 -0.33 1.00 0.03 0.04 -0.10 -0.38 -0.36 -0.45 -0.44 -0.08     0.35 0.16 
NO3  0.34 -0.26 -0.26 -0.53 -0.65 0.03 1.00 0.01 -0.01 -0.41 -0.17 -0.21 0.04 -0.88     -0.63 -0.72 
NO2  -0.12 -0.13 -0.12 0.23 0.11 0.04 0.01 1.00 0.04 -0.09 -0.09 0.07 0.10 0.10     0.10 0.05 
NH4 0.02 0.44 0.44 -0.06 0.07 -0.10 -0.01 0.04 1.00 0.47 0.47 0.47 0.57 0.08     -0.24 -0.17 
SO4 -0.52 0.96 0.96 0.45 -0.05 -0.38 -0.41 -0.09 0.47 1.00 0.89 0.86 0.69 0.62     -0.02 -0.02 
Cl -0.49 0.98 0.98 0.16 -0.16 -0.36 -0.17 -0.09 0.47 0.89 1.00 0.95 0.71 0.45     -0.14 -0.18 
Na -0.42 0.94 0.94 0.24 -0.04 -0.45 -0.21 0.07 0.47 0.86 0.95 1.00 0.69 0.44     -0.18 -0.18 𝛿 34S 
SO4	 -0.29 0.73 0.73 0.17 -0.26 -0.44 0.04 0.10 0.57 0.69 0.71 0.69 1.00 0.27     -0.37 -0.34 𝛿 18O 
SO4	 -0.51 0.51 0.52 0.52 0.40 -0.08 -0.88 0.10 0.08 0.62 0.45 0.44 0.27 1.00     0.65 0.64 𝛿 15N 
NO3	 -0.57 0.59 0.59 0.01 0.52 -0.20 -0.48 -0.25 -0.34 0.32 0.63 0.67 -0.30 0.36 1.00       𝛿 18O 
NO3	 -0.60 0.79 0.79 0.69 0.08 0.33 -0.89 0.42 0.67 0.46 0.77 0.44 0.73 0.55 0.23 1.00     𝛿2H 
H2O	 -0.31 -0.13 -0.13 0.08 0.42 0.35 -0.63 0.10 -0.24 -0.02 -0.14 -0.18 -0.37 0.65 0.30 0.28 1.00 0.94 𝛿18O 
H2O	 -0.26 -0.15 -0.15 0.16 0.64 0.16 -0.72 0.05 -0.17 -0.02 -0.18 -0.18 -0.34 0.64 0.42 0.52 0.94 1.00 
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Table B7. Correlation matrix for the surface waters from the Rio Grande watershed 
during irrigation season (July 2015). Red color indicates significant correlations at p < 0.05; 
N= 6 casewise deletion of missing data. 
  
T EC TDS DO pH ORP  NO3  NO2  NH4 SO4 Cl Na 
𝛿 34S 
SO4	 𝛿 18O SO4	 𝛿 15N NO3	 𝛿 18O NO3	 𝛿2H H2O	 𝛿18O H2O	
T 1.00 0.58 0.59 0.23 -0.51 0.43 0.49 0.58 0.35 0.53 0.55 0.35 0.51 -0.21 -0.43     0.37 
EC 0.58 1.00 1.00 0.45 -0.38 0.11 0.28 0.50 0.45 0.91 0.93 0.65 0.71 0.03 -0.21     0.15 
TDS 0.59 1.00 1.00 0.45 -0.38 0.11 0.28 0.50 0.46 0.92 0.94 0.66 0.72 0.02 -0.20     0.15 
DO 0.23 0.45 0.45 1.00 0.28 -0.32 -0.17 0.37 0.44 0.57 0.26 -0.07 0.06 0.32 0.28     0.00 
pH -0.51 -0.38 -0.38 0.28 1.00 -0.58 -0.84 -0.50 -0.08 -0.25 -0.47 -0.50 -0.55 0.54 0.45     -0.04 
ORP  0.43 0.11 0.11 -0.32 -0.58 1.00 0.42 0.18 0.00 0.10 0.23 0.13 0.22 -0.35 -0.29     0.00 
NO3  0.49 0.28 0.28 -0.17 -0.84 0.42 1.00 0.66 -0.01 0.13 0.34 0.16 0.36 -0.76 -0.31     -0.20 
NO2  0.58 0.50 0.50 0.37 -0.50 0.18 0.66 1.00 0.41 0.51 0.48 0.12 0.14 -0.31 -0.11     -0.06 
NH4 0.35 0.45 0.46 0.44 -0.08 0.00 -0.01 0.41 1.00 0.67 0.39 0.30 0.38 0.33 0.07     0.14 
SO4 0.53 0.91 0.92 0.57 -0.25 0.10 0.13 0.51 0.67 1.00 0.87 0.59 0.57 0.22 -0.10     0.10 
Cl 0.55 0.93 0.94 0.26 -0.47 0.23 0.34 0.48 0.39 0.87 1.00 0.73 0.67 -0.07 -0.32     0.21 
Na 0.35 0.65 0.66 -0.07 -0.50 0.13 0.16 0.12 0.30 0.59 0.73 1.00 0.70 0.14 -0.45     0.45 
𝛿 34S SO4	 0.51 0.71 0.72 0.06 -0.55 0.22 0.36 0.14 0.38 0.57 0.67 0.70 1.00 -0.20 -0.31     0.19 𝛿 18O 
SO4	 -0.21 0.03 0.02 0.32 0.54 -0.35 -0.76 -0.31 0.33 0.22 -0.07 0.14 -0.20 1.00 0.29     0.37 𝛿 15N 
NO3	 0.27 0.24 0.25 0.06 -0.25 0.19 0.35 -0.03 -0.17 0.06 0.18 0.17 0.59 -0.40 1.00       𝛿 18O 
NO3	 -0.19 0.01 0.00 0.10 0.20 -0.36 -0.45 -0.37 0.30 -0.02 -0.07 0.37 0.12 0.64 -0.31       𝛿2H H2O	 0.38 0.14 0.14 -0.05 -0.09 0.01 -0.13 -0.07 0.09 0.05 0.20 0.42 0.22 0.27 -0.27 0.44   0.99 𝛿18O 
H2O	 0.37 0.15 0.15 0.00 -0.04 0.00 -0.20 -0.06 0.14 0.10 0.21 0.45 0.19 0.37 -0.25 0.41 0.99 1.00 
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APPENDIX C. Figures used in Results section. 
 
Figure C1. Variations of pH versus distance in the Rio Grande watershed. Closed and open 
symbols represent irrigation and non-irrigation seasons, respectively.  
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Figure C2. One-tailed t-test of means of pH for fall and summer seasons in the Rio Grande 
watershed. The blue and yellow boxes represent the 75th and 25th percentile values, 
respectively. Black line represents the maximum and minimum values and x symbols represent 
the outliers. 
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Figure C3. Variations of electric conductivity versus distance in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively.    
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Figure C4. One-tailed t-test of means of electric conductivity for fall and summer seasons 
in the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C5. Variations of oxidation reduction potential (ORP) versus distance in the Rio 
Grande watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-400
-200
0
200
400
600
800
0 50 100 150 200 250 300
OR
P	
(m
V)
Distance	from	Elephant	Butte	(km)
40 
 
 
 
Figure C6. Two-tailed t-test of means of oxidation reduction potential (ORP) for fall and 
summer seasons in the Rio Grande watershed. The blue and yellow boxes represent the 75th 
and 25th percentile values, respectively. Black line represents the maximum and minimum values 
and x symbols represent the outliers. 
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Figure C7. Variation of NO3- concentration versus distance in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively.     
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Figure C8. One-tailed t-test of means of NO3- concentrations for fall and summer seasons in 
the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers.  
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Figure C9. Variation of NO2- concentration versus distance in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively. Symbols 
are the same as in Fig.4.  
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Figure C10. One-tailed t-test of means of NO2- concentrations for fall and summer seasons 
in the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C11. Variation of NH4+ concentration versus distance in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively.   
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Figure C12. One-tailed t-test of means of NH4+ concentrations for fall and summer seasons 
in the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C13. Variation of SO42- concentration versus distance in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively.    
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Figure C14. One-tailed t-test of means of SO42- concentrations for fall and summer seasons 
in the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C15. Variation of Cl- concentration versus distance in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively.    
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Figure C16. One-tailed t-test of means of Cl- concentrations for fall and summer seasons in 
the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C17. Variation of Na+ concentration versus distance in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively.    
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Figure C18. One-tailed t-test of means of Na+ concentrations for fall and summer seasons 
in the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C19. Variations of δ34S of dissolved SO42- versus distance in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C20. One-tailed t-test of means of δ34S - SO42- values for fall and summer seasons in 
the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C21. Variations of δ18O of dissolved SO42- versus distance in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C22. One-tailed t-test of means of δ18O - SO42- values for fall and summer seasons in 
the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C23. Variations of δ15N of dissolved NO3- versus distance in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.   Note that in many cases NO3- concentrations during non-irrigation season were too 
low for N isotope analysis in the Rio Grande water and upstream agricultural drains. 
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Figure C24. One-tailed t-test of means of δ15N – NO3- values for fall and summer seasons in 
the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C25. Variations of δ18O of dissolved NO3- versus distance in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.   Note that in many cases the NO3- concentrations during non-irrigation season were 
too low for O isotope analysis in the Rio Grande water and upstream agricultural drains. 
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Figure C26. One-tailed t-test of means of δ18O – NO3- values for fall and summer seasons in 
the Rio Grande watershed. The blue and yellow boxes represent the 75th and 25th percentile 
values, respectively. Black line represents the maximum and minimum values and x symbols 
represent the outliers. 
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Figure C27. Variations of SO42- concentrations compared to EC in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C28. Variations of Cl- concentrations compared to EC in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively.    
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Figure C29. Variations of Na+ concentrations compared to EC in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C30. Variations of SO42- concentrations compared to Cl- concentrations in the Rio 
Grande watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C31. Variations of Na+ concentrations compared to SO42- concentrations in the Rio 
Grande watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C32. Variations of Na+ concentrations compared to Cl- concentrations in the Rio 
Grande watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C33. Variations of NO3- concentrations compared to δ18O – SO42- in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C34. Variations of NO3- concentrations compared to δ18O – NO3- in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C35. Variations of NO3- concentrations compared to pH in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively. Symbols are the same as in Fig. 4 
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Figure C36. Variations of δ2H – H2O values compared to δ18O – H2O values in the Rio 
Grande watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.   The Local Meteoric Water Line (LMWL) for Northern New Mexico (e.g., 
highlands, main recharge areas) was adopted after Szynkiewicz et al. (2011). 
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Figure C37. Variations of NO3- concentrations compared to pH in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C38. Variations of temperature compared to SO42- concentrations in the Rio 
Grande watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C39. Variations of temperature compared to Cl- concentrations in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C40. Variations of temperature compared to Na+ concentrations in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C41. Variations of temperature compared to δ18O – H2O in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C42. Variations of temperature compared to δ18O – SO42- in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
 
 
 
 
 
 
 
 
 
R²	=	0.2622
R²	=	0.0315
0
5
10
15
20
25
30
35
40
-1 0 1 2 3 4 5 6 7 8 9 10
T	
(°C
)	
𝛅18O	– SO42- (‰)
77 
 
 
 
Figure C43. Variations of SO42- concentrations compared to δ18O – SO42- in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C44. Variations of SO42- concentrations compared to δ15N – NO3- in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C45. Variations of δ18O – H2O compared to SO42- concentrations in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C46. Variations of δ18O – H2O compared to Cl- concentrations in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C47. Variations of δ18O – H2O compared to Na+ concentrations in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C48. Variations of Na+ concentrations compared to δ18O – SO42- in the Rio Grande 
watershed. Closed and open symbols represent irrigation and non-irrigation seasons, 
respectively.    
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Figure C49. Variations of pH compared to δ18O – NO3- in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively.    
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Figure C50. Variations of NO3- concentrations compared to δ15N of dissolved NO3- in the 
Rio Grande watershed (A – all water samples, B – only river and drain water samples). Closed 
and open symbols represent irrigation and non-irrigation seasons, respectively.    
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Figure C51. Variations of NO3- concentrations compared to δ18O of dissolved NO3- in the 
Rio Grande watershed (A – all water samples, B – only river and drain water samples) Closed 
and open symbols represent irrigation and non-irrigation seasons, respectively. 
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APPENDIX D. Figures used in Discussion section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D1. Piper diagram for the water samples collected in the Rio Grande watershed. 
Modified after Bartos and Ogle (2002). 
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Figure D2.  Variations of δ18O and δ15N of dissolved NO3- in the Rio Grande watershed. 
Closed and open symbols represent irrigation and non-irrigation seasons, respectively. Rounded 
boxes delineate typical isotope compositions of NO3- derived from different sources (after 
Casciotti et al. 2007). The denitrification trend lines (DT) are indicated as gray arrows and 
follow a 2:1 ratio expected for microbial denitrification. The regression line (R2=0.92) defines a 
mixing line between precipitation-, liquid fertilizer-, and WWTP effluent-derived NO3-. 
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Figure D3. Estimation of effluent-derived NO3- into the drain and Rio Grande water 
samples compared to the fertilizer-derived NO3- using the O and N isotope mass balance 
constraints. The following average δ15N and δ18O values were used for the effluent-derived 
NO3-: in irrigation season 10.1‰ and -4.5‰, respectively; in non-irrigation season 9.1‰ and -
7.6‰, respectively.  The average δ15N of fertilizer-derived NO3- was 18.3‰. The green field 
indicates the expected variations of δ15N and δ18O values in NO3- resulted from the nitrification 
of ammonium-rich fertilizers and a light gray field from the nitrification in soil (after Kendall et 
al., 2007). Numbers and letters indicate site locations presented on Figure 2. The % contributions 
are presented in brackets for N (left) and O (right) oxygen isotope mass balance constraints, 
respectively.  
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Figure D4. Theoretical estimate of changes of δ15N versus 1/NO3- in the WWTP 
endmember due to mixing with drain/river water and microbial processes (e.g., 
denitrification, nitrification).  
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Figure D5. Variations of δ15N – NO3- (A) and δ18O – NO3- (B) compared to 1/NO3- in the 
Rio Grande watershed. Regression lines are presented on blue for the Rio Grande and on green 
for drain water samples during irrigation season. Closed and open symbols represent irrigation 
and non-irrigation seasons, respectively. Numbers and letters indicate site locations presented on 
Figure 2. 
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Figure D6. Variations of δ18O and δ34S of dissolved SO42- in the Rio Grande watershed.   
Boxes delineate the isotope compositions of major SO42- endmembers determined by 
Szynkiewicz et al. (2015). Numbers and letters indicate site locations presented on Figure 2. 
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Table D1. Results of the N and O isotope mass balance for % contributions of the waste 
effluent-derived NO3- compared to fertilizer-derived NO3- in the Rio Grande watershed 
during (A) non-irrigation season of October 2014 and (B) irrigation season of July 2015.  
A 
Map 
location Site Name 
Distance 
[km] Water type 𝛿15N NO3- [%] 𝛿18O NO3- [%] 
10 RGCB 208 River 93 59 
H Fabens Drain 263 Drain 100 93 
 
     B 
     Map 
location Site Name 
Distance 
[km] Water type 𝛿15N NO3- [‰] 𝛿18O NO3- [‰] 
4 Hwy 70 138 River 35 24 
5 Hwy 359 146 River 41 47 
6 Hwy 28 153 River 100 99 
7 RG Rd 189  167 River 100 80 
8 RG Rd 259  191 River 93 83 
9 RG Racetrack 206 River 100 92 
10 RG CB 208 River 92 90 
B Vado Drain 176 Drain 77 96 
D Newmexas Drain 199 Drain 78 65 
F Montoya drain 208 Drain 75 53 
G Ryan's Crossing 209 Drain 76 41 
H Fabens Drain 263 Drain 100 99 
I Tornillo Drain 283 Drain 100 95 
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